Abstract
Introduction
Gait refers to the patterns of leg placements throughout the locomotion cycle of a legged system [9] . For a given legged system many different gaits are possible. Biological gaits include shuffling, walking, running, hopping, trotting, cantering, and galloping. Legged robots also move by executing patterns of leg motions. In terms of animals or machines with rigid articulated legs the gait can be described in terms of the pattern of joint angles as a function of time.
Given a start position (state) and an end position (state) for the robot, the task of gait synthesis is to generate patterns of joint angles as a function of time that move the robot between the two configurations. Most commonly, legged robot gaits are designed and tuned by hand. This approach, while quick to implement, has several drawbacks: First, moving the robot between two positions involves carefully hand-tuning the pattern of individual leg joint angles to generate the intended motion. This can be very time consuming. Second, hand tuning gaits does not scale well with the complexity of the vehicle (its degrees-of-freedom -DOF) or with increases in environmental complexity.
Given the limitations of hand-crafted gaits, especially in high degree-of-freedom environments, it is important to develop strategies to automate this process through automatic gait synthesis. The problem is complicated by the fact that there is no mechanism for direct control over the vehicle's position and orientation. Rather control exists only for the joint angles for each of the robot's legs. This work develops an algorithm that automatically constructs the pattern of leg motions that enables a vehicle to move from its start to goal positions and orientations.
In this work gait synthesis is formulated in terms of a non-linear optimization process that is tackled using simulated annealing [6] . Rather than attempting to construct a closed-form version of the dynamic model of the vehicle, a black-box hydrodynamics simulation approach is used instead. The simulated annealing system optimizes the control inputs (leg parameters) subject to pre-specified goal constraints. This results in a general approach to gait synthesis that makes very few assumptions about the specifics of vehicle dynamics.
Although the approach presented here considers the problem in general and is directed towards underwater legged robots generally, it has specific application to the AQUA [3, 4] amphibious hexapod. The AQUA project is a joint research project between McGill University, York University and Dalhousie University to develop an amphibious mobile sensing platform. The AQUA robot is capable of walking on land, wading through the surf zone and swimming in open water. It has several on-board cameras and an inertial measurement system.
Previous work
Although gaits have found wide application in terrestrial robots, few underwater legged vehicles exist. Underwater legged vehicle control has many features in common with propeller and thruster vehicle control. Underwater, legs act like the reaction surfaces found on propeller-driven robots. On a propeller-driven vehicle, propellers force fluid over reaction surfaces. The force applied to the reaction surface by the fluid changes the vehicle's position and orientation. Underwater legged robots use a slightly different technique. They move their legs through the fluid, but use the resultant reactionary force for propulsion. There are several ways in which underwater legged locomotion differs from its land-based counterpart:
• The underwater environment is 6DOF and the gaits can potentially provide movement and reorientation over the six degrees of freedom.
• When the vehicle is fully suspended in open water the concept of dynamically stable gaits is meaningless because there is no surface contact. This removes the risk of falling, however it also removes the ground as a reference plane, requiring underwater robots to rely more heavily on sensors such as inertial measurement units to gage their orientation.
• Since the drag due to water is 800-fold greater than drag due to air [8] , there is no flight phase in the gait during which a leg can be moved without affecting the motion of the body. For example, on land a legged system walks by picking up one leg, moving it forward and planting it on the ground. Due to the relatively low drag due to air, the motion of the body is generally unaffected by the motion of this leg during this phase of the gait. Underwater, a leg incurs drag throughout the entire gait cycle, which applies forces on the body. Underwater gait design must take this extra drag into account to ensure that the net force throughout the entire gait cycle results in motion in the desired direction.
Whether a legged vehicle operates on land or in the water, it moves by executing a planned set of leg motions to move the vehicle forward. The process of developing a pattern of leg motions to perform this is known as gait synthesis. Gait synthesis is difficult in part due to the large search space associated with the problem. In the case of a legged hexapod, such as the AQUA vehicle, where each leg has a 360
• workspace, brute force generation of a 10 second gait at 100 leg angles per second with a resolution of 1
• becomes a search space of (360 × 6) 1000 = 2160 1000 possible configurations. That means that generating a 10 second gait for the vehicle that meets some specific motion constraint results in a search problem with more than 10 3000 configurations to search through. Although various optimizations can be made to this search space, such as eliminating leg angle changes that lie outside the capabilities of the physical device, the size of the search space precludes a brute force search approach. As a consequence heuristic approaches to gait synthesis are common. Techniques based on neural networks (e.g., [1, 5] ), genetic algorithms (e.g., [7, 10] ), and simulated annealing (e.g., [11, 2] ) exist. Although each of these heuristics have proven effective, simulated annealing is well suited to hydrodynamic model-based gait synthesis: The specific form of the solution is available (joint angles as a function of time), and although no closed-form version of the merit function is available it is straightforward to score the merit of a proposed gait.
Gait synthesis for underwater vehicles
For a generic legged vehicle we seek the sequence of leg angles as a function of time which will have a robot achieve a destination state given some initial state of the vehicle. The gait synthesis system described here uses a simulated annealing engine to make small iterative changes to an initial guess gait until the synthesized gait is capable of transiting the legged vehicle between the initial and final position (see Figure 1) . The simulator ('simulate()' in the algorithm above) takes in an initial vehicle state and a gait to be executed, and outputs the final state reached after the execution of a potential gait for a predefined period of time. The initial and final vehicle states include the position − → p , linear velocity − → v , orientation − → Ω , angular velocity − → ω , and leg joint angles of the vehicle − → θ t , along with any higher derivatives that may be appropriate. The gait is a series of joint angles, one for each leg of the vehicle given as a function of time.
Seed gait
The gait synthesis system requires a seed gait as an initial guess to begin the search process. The seed gait is represented as leg joint angles as a function of time. The choice of the seed gait is meant to assist the system in reaching its goal. For example, if the gait to be synthesized is a surge gait, the initial guess might be a sine wave-based gait. Alternatively, the system might be supplied with a seed gait where all the legs remain static. A final constraint on the seed is that the first and last set of leg angles must match specified start and goal leg configurations. This allows the gait to be used as a periodic gait by "looping" the gait.
Simulated annealing engine
The simulated annealing engine makes small iterative changes to the gait until the execution of the gait causes the simulated robot to transit between its designated initial and final states with a minimum error. At each step the engine chooses a random leg i, at a random time-step t throughout the gait k, and changes the leg angle of leg i at time t by a random amount ∆θ in the range ±∆θ max . For the AQUA vehicle ∆θ max = 2
• :
The aim of this process is to make small changes to the gait until the gait is capable of transiting the simulated robot between the designated initial and final states. It is important to note that the black-box nature of the hydrodynamic simulator has implications to this process. The gait modifying engine acts without knowledge of the dynamics of the vehicle: It sends the simulator a gait and the simulator returns the state reached by the virtual vehicle at the end of the gait execution. If the final state returned from the simulator is the closest yet seen to the desired end state, the new gait is saved as the 'best-yet', if not the gait is only adopted if it is accepted based on the simulated annealing process. This tweak-simulate-analyze loop occurs a number of times per temperature value to give the simulated annealing engine ample time at a given temperature to find a minimal configuration state. Following [6] the temperature is then reduced by an amount proportional to the current temperature and the tweak-simulated-analyze loop is then repeated. Once the simulated annealing process has finished, the 'best-yet' gait is returned to the user. Simulated annealing requires several tuning parameters: the starting temperature T , the rate at which the system cools ∆T (expressed as cooling rate as a function of search iteration), and the number of attempts made at each temperature.
State evaluation
The gait synthesis system terminates the search if a suitable gait has been found or if a predefined number of iterations has been exceeded. Successful termination requires the development of a criterion that evaluates if the current gait has developed a final system state that is considered "close enough" to the desired final state.
In the current implementation the measurement of the error between the achieved end state and the desired end state is computed as the Euclidean distance between the state vectors of the achieved and goal states. The error includes components representing the position error E p , the linear velocity error E v , the orientation error E Ω , and the angular velocity error E ω . Each component is computed as follows for the achieved end state a and the goal end state I:
Position and linear velocity error are given by:
Orientation error is the magnitude of the quaternion required to rotate the achieved orientation quaternion q a into the ideal orientation quaternion q I :
where q e [w] represents the scalar component of the quaternion. The angular velocity error is given by:
Once the individual error components have been computed, they are linearly combined:
The weighting values (α, β, γ, φ) are used to normalize the error values. Different values of the weighting parameters can be used to reflect the relative importance (and scale) of the errors. In the work reported here (α, β, γ, φ) = (1, 1, 1, 1) . 
Synthesizing a yaw-left gait
The system is tasked with generating a gait to transit the virtual vehicle between the two configurations described graphically in Figure 3 . The system is provided with a 15 second gait where initially all the legs begin in the rest-position (θ i = 0) and the left-side legs rotate 180
• (in-unison) while the right-side legs remain at the rest-position. The initial temperature T is set to 0.01 and the cooling rate ∆T is set to 0.9, so at every iteration T cools by 10%.
Once all of the initial requirements have been met, the gait synthesis system is tasked to generate the requested yaw-left gait. Set to the above values for T and ∆T a 15 second gait generation takes roughly 94 minutes to run on a 3 GHz Intel Xeon Mac Pro (though this could be reduced by stopping the synthesis after several iterations of T have passed without a drop in the configuration error). As the gait synthesis system runs, the error associated with the vehicle's final configuration compared to the goal configuration is graphed against the temperature T used by the simulated annealing engine (see Figure 4) . What should be clear Figure 5 . Leg-joint angles from the yaw-left gait generated by the gait synthesis system. from the graph is that the error associated with the gait's final configuration tends towards zero as T cools to zero.
The gait synthesis system evolved the initial guess gait into the gait shown in Figure 5 .
As the vehicle constraints are only defined at the start and goal states, the process of evolving the vehicle motion is not constrained in terms of the type of motion performed during gait execution. The yaw left gait synthesized by the simulated annealing process does not constrain the vehicle to the plane defined by the start and end poses. This is illustrated clearly in Figure 6 which shows a side-on view of the simulated vehicle executing the yaw-left gait. Frames are labelled with the time (in seconds) at which they were captured throughout the gait.
Discussion and future work
This paper describes the use of simulated annealing to generate gaits for a generic legged underwater vehicle. The process begins with a start and goal configuration for the vehicle, an initial guess for the gait and starting temperature and cooling rate for the simulated annealing engine. The gait generation system then makes small iterative changes to the initial guess gait and accepts changes based on the probabilities dictated by the simulated annealing engine. As the temperature of the system cools the engine converges towards a gait that will transit the vehicle between the start and goal configurations.
Generation of a gait requires the specification of the initial and final states of the vehicle and its duration.
The initial and final configuration-states include parameters for position, orientation, linear velocity, angular velocity, and the leg-joint angles. The state information is sufficient to fully specify the internal state of the vehicle (here the joint angles) as well as the the instantaneous dynamic state of the vehicle. Clearly higher temporal derivatives in both the vehicle state (e.g., instantaneous leg velocities) and dynamic state (e.g., acceleration) could be included in the state specification.
The gait synthesis system presented here can be applied iteratively. That is, the output gait of the engine can be re-used as the initial guess gait and the simulated annealing process can be run again (often improving on the previously generated gait). However this process provides diminishing returns.
The simulated annealing engine requires an initial guess gait to be provided. In some cases (such as the surge-forward gait) the initial guess gait can be a stillgait where the legs remain in the rest position. In other cases (such as the yaw gaits and a surge-backwards gait) the system benefits from initial guess gaits in which the legs are repositioned at the beginning of the gait. The better the choice for the initial guess gait, the fewer uphill steps the simulated annealing engine must take and the better the likelihood of synthesizing a near-optimal gait. For example, a surge-backwards gait requires the legs to be rotated from their rest position 180
• before oscillating to move the vehicle backwards. However any leg motion (positive or negative) from the rest position will generate forward thrust which will result in a larger final configuration-state error. Thus, uphill steps (accepting a configuration with a larger error) are required before the legs achieve an orientation where they can apply backwards thrust. Because simulated annealing is designed to take relatively few uphill steps (compared to downhill steps) it will be difficult for the engine to make all the uphill steps required to rotate all the legs 180
• .
Throughout the gait synthesis process gaits are tweaked with small changes and then applied to a virtual vehicle. The final configuration-state reached by the vehicle is compared to an ideal goal configurationstate to determine if the new tweaked gait is superior to previous gaits, if so the new gait is tweaked again and the process repeats.
The comparison of final configuration-states involves computing the configuration-state error of the gaits compared to the goal state. This error is computed as a weighted sum of the position, orientation, linear velocity, and angular velocity differences between the achieved final configuration and the goal configuration. The weights in the error summation allow the values to be scaled in terms of importance (e.g., perhaps position is more important than angular velocity). This error function could be augmented with further parameters to achieve a more precise configuration-state. For example, higher temporal derivatives (linear and angular acceleration) could be added, as could the angular velocity of the legs.
